Introduction
Diabetes mellitus affects more than 451 million people worldwide and is attributable for 5 million deaths in 2017 (1) . The disease is characterized by hyperglycemia, with 90% of diabetic patients being affected by type 2 diabetes mellitus. The prevalence of type 2 diabetes mellitus in the past 2 decades has raised dramatically because of an increase in risk factors, such as obesity and overweight (2) . Type 2 diabetes mellitus is initiated by peripheral insulin resistance and hyperinsulinemia, finally leading to diminution in insulin secretion (3) . Diabetic patients experience microvascular and macrovascular complications that can cause blindness, kidney failure, and amputations. Although lowering blood glucose levels can decrease the incidence of diabetic complications in some patients, meta-analysis of randomized controlled trials imply that intensive glycemic control cannot reduce the risk of microvascular complications in patients with type 2 diabetes mellitus (4) .
Methylglyoxal (MG) is a reactive metabolite that modifies amino acid residues of proteins, lipids, and DNA and is a main precursor of advanced glycation end products (AGEs) (5) . Under physiological conditions, MG is mainly detoxified by the glyoxalase system that is present in the cytosol of all mammalian cells (6) . The degradation of MG consists of 2 steps, the first catabolized by glyoxalase 1, converts MG with the cofactor glutathione to the nontoxic metabolite S-D-lactoylglutathione. S-D-lactoylglutathione is further degraded to D-lactate by glyoxalase 2 (7) . In addition to the glyoxalase system, aldo-keto reductase and aldehyde dehydrogenase can detoxify MG (8, 9) . Recently, aldo-keto reductase and aldehyde dehydrogenase could be shown to efficiently compensate for loss of glyoxalase 1 in cells and mice (10, 11) .
MG is elevated in the plasma and tissue of diabetic patients (6, (12) (13) (14) and AGEs are strongly linked to the development of microvascular complications including retinopathy (15, 16) , nephropathy (17, 18) , and neuropathy (19) . In addition, MG is associated with the initiation and progression of type 2 diabetes mellitus through the impairment of insulin signaling (20, 21) , insulin secretion (22, 23) , and pancreatic beta cell function (24) .
The increased formation of methylglyoxal (MG) under hyperglycemia is associated with the development of microvascular complications in patients with diabetes mellitus; however, the effects of elevated MG levels in vivo are poorly understood. In zebrafish, a transient knockdown of glyoxalase 1, the main MG detoxifying system, led to the elevation of endogenous MG levels and blood vessel alterations. To evaluate effects of a permanent knockout of glyoxalase 1 in vivo, glo1 -/-zebrafish mutants were generated using CRISPR/Cas9. In addition, a diet-induced-obesity zebrafish model was used to analyze glo1 -/-zebrafish under high nutrient intake. Glo1 -/-zebrafish survived until adulthood without growth deficit and showed increased tissue MG concentrations. Impaired glucose tolerance developed in adult glo1 -/-zebrafish and was indicated by increased postprandial blood glucose levels and postprandial S6 kinase activation. Challenged by an overfeeding period, fasting blood glucose levels in glo1 -/-zebrafish were increased which translated into retinal blood vessel alterations. Thus, the data have identified a defective MG detoxification as a metabolic prerequisite and glyoxalase 1 alterations as a genetic susceptibility to the development of type 2 diabetes mellitus under high nutrition intake.
Although these findings indicate the important role of MG in the pathogenesis of diabetes mellitus, most studies have only focused on external addition of MG (24) to cells or rodent models; however, the consequences of endogenous MG elevation are still poorly understood. Recently, glo1-knockout flies and mice were reported (11, 25, 26) . Glo1-knockout mice compensate effectively for the loss of glyoxalase 1, whereas the glo1-knockout fly has elevated MG concentrations. This endogenous elevation of MG in flies leads to increased fatty acid synthase activity and with increasing age to obesity, insulin resistance, and increased hemolymph glucose levels (25) .
The zebrafish has evolved as a model for diabetes research in the past decade (27, 28) . Glucose homeostasis in zebrafish is very similar to humans and other mammals and glucose-induced alterations of the retina (29) , kidney (30) , and neuronal tissue (31) have been shown to develop in adult zebrafish. We have previously shown that high tissue levels of MG, induced by the external addition of MG or by a transient knockdown of the glyoxalase 1 in zebrafish larvae, altered intersegmental blood vessels in the zebrafish embryo through the activation of angiogenic signal cascades (32) . However, it remained unclear if a permanent knockout of glyoxalase 1 leads to increased MG concentrations in juvenile and adult zebrafish and if glo1 -/-zebrafish show organ alterations. Therefore, the aim of the study was to evaluate long-term effects of a glyoxalase 1 knockout on glucose metabolism and the vascular system in juvenile and adult zebrafish. Glo1 -/-zebrafish were generated using the CRISPR/Cas9 technology and glo1 -/-zebrafish displayed increased tissue MG concentrations and impaired glucose tolerance as indicated by transiently increased postprandial blood glucose levels and postprandial S6 kinase activation. Overfed adult glo1 -/-zebrafish showed fasting hyperglycemia accompanied by retinal vascular alterations. Thus, our data suggest an impaired MG detoxification as a marker for the genetic susceptibility to the development of type 2 diabetes mellitus.
Results

Generation of glo1
-/-zebrafish using CRISPR-Cas9-mediated genome editing. To investigate long-term effects of a compromised MG metabolism in vivo, we generated a knockout zebrafish line for Glo1, an enzyme that is part of the main MG detoxifying system in cells (7) . Therefore, we designed a CRISPR-gRNA targeting exon 3 of glo1 ( Figure 1A ) using the ZiFit-targeter Version 3.3 and injected the glo1 gRNA with Cas9mRNA in zebrafish embryos (33) . After crossing the F0-positive mosaic mutants with wild-type line, we identified different mutations in glo1 and selected 2 frameshift mutations, namely deletions of 5 (delta5) and 8 (delta 8) nucleotides ( Figure 1A ), for further breedings and experiments. Both mutations in glo1 led to a total loss of Glo1 enzyme activity ( Figure 1B ) and Glo1 protein expression ( Figure 1C ) in glo1 -/-zebrafish larvae.
Glo1
-/-zebrafish larvae survived, showed no growth retardation effects ( Figure 1D ), and had 1.5-fold higher tissue MG concentrations than glo1 +/+ zebrafish larvae at 96 hours postfertilization (hpf) ( Figure 1E ), whereas 3-deoxyglucosone (3-DG) and glyoxal levels were unaltered (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.126154DS1). Although deficits in MG metabolism are associated with altered glutathione metabolism, the ratio of reduced to oxidized glutathione was unaltered in glo1 -/-zebrafish (Supplemental Figure 1B) . In addition, Glo1 knockout did not alter energy and reduction equivalent levels in zebrafish larvae (Supplemental Figure 2) . These results showed for the first time to our knowledge the generation of glo1 -/-zebrafish and that glo1 -/-zebrafish are viable and fertile, despite increased tissue MG levels.
Vascular development of glo1 -/-zebrafish larvae is unaltered as a result of activation of different compensatory mechanisms. We have previously shown that elevated tissue MG levels, achieved through external addition of MG or the transient knockdown of Glo1 using a morpholino-based approach, induced altered formation of the trunk vasculature in zebrafish larvae (32) . First, we evaluated whether a permanent knockout of Glo1 has the same effect on vascular development as the transient knockdown of Glo1. To address this question, we used the TG(fli1:EGFP) vascular reporter line carrying a mutation in the glo1 gene to analyze the zebrafish vasculature. The results showed no induction of ectopic blood vessel formation in glo1 -/-zebrafish larvae compared with glo1 +/+ zebrafish larvae at 96 hpf ( Figure 2 , A and B). Next, we asked the question of whether the vasculature of glo1 -/-zebrafish larvae is more susceptible to high MG concentrations. After incubation of glo1 +/+ zebrafish larvae with 500 μM MG, the number of hyperbranches was 3-to 4-fold increased, whereas a Glo1 knockout could not further aggravate the MG-driven hyperbranch formation (Figure 2, A and B) . These data, together with the only 1.5-fold increase of MG in the glo1 -/-zebrafish larvae ( Figure 1E ), indicate compensatory mechanisms for the Glo1 knockout in zebrafish by the upregulation of alternative MG-detoxifying enzymes (8, 9).
In mammalian Schwann cells, members of Akr family and Aldh family compensate for the loss of Glo1 (10) . Thus, we hypothesized a compensatory upregulation of these enzyme families and consequently determined the activity of Akr and Aldh in glo1 -/-and Glo1-morpholino-injected zebrafish embryos (Glo1-morphants) at 72 hpf. A significant increase of Aldh enzyme activity in glo1 -/-zebrafish larvae was observed, whereas Akr enzyme activity remained unaltered in glo1 -/-animals compared with glo1 +/+ zebrafish embryos ( Figure 3, A and B) . Glo1-morphants, however, showed no induction of Aldh or Akr enzyme activity in comparison with control morpholino-injected zebrafish embryos ( Figure 3, A and B) . This finding shows that upregulation of compensatory pathways occurs only in long-term glo1 -/-knockout animal experiments but not in short-term and transient glo1 -/-knockdown experiments. To identify the aldh family members, which are responsible for increased Aldh enzyme activity, RT-qPCR analyses with tissue lysates of zebrafish embryos at 72 hpf were performed. Results revealed an induction of aldh3a1, aldh3a2a, aldh9a1a2, and aldh9a1b mRNA expression in glo1 -/-compared with glo1 +/+ zebrafish embryos (Supplemental Figure 3) . Together, the data showed an upregulation of Aldh activity and expression in glo1 -/-zebrafish, which could explain the only 1.5-fold increase of MG in glo1 -/-mutants. This may also explain the missing vascular alterations in glo1 -/-zebrafish as observed in Glo1-morphants (32) . Increased MG levels are associated with mitochondrial dysfunction and increased ROS formation (34, 35) . Stearic acid, a long-chain fatty acid, has been shown to be beneficial for mitochondria fusion in flies, and this finding could be recently translated to humans (36, 37) . In addition, eicosapentaenoic acid, an omega-3 fatty acid, was shown to have a beneficial effect in diabetic kidney disease in mice by suppressing ROS generation and mitochondrial apoptosis (38) . Fish, unlike mammals, have high contents of omega-3 fatty acids (39) zebrafish. Methylglyoxal levels were determined by LC-MS/MS in zebrafish lysates at 96 hpf; n = 9 clutches with 35 larvae; mean ± SEM. For statistical analysis Student's t test (B) and Mann-Whitney U test (E) were applied. *P < 0.05, ***P < 0.001. PAM, protospacer-adjacent motif; UTR, untranslated region; E, exon; WT, wild type.
and may therefore use this as a protection mechanism against increased MG formation. To test this hypothesis, we performed GC-MS analysis of glo1 -/-zebrafish larvae at 96 hpf. The results showed that long-chain unsaturated as well as saturated fatty acid levels were significantly elevated in glo1 -/-compared with glo1 +/+ zebrafish larvae ( Figure 4 , A-D). The strongest effect was seen for omega-3 fatty acids, which showed 1.5-to 2-fold higher levels in glo1 -/-than in glo1 +/+ zebrafish larvae ( Figure 4A ). Although fatty acid metabolism was altered in glo1 -/-zebrafish larvae, citric acid cycle intermediates, sugars, and glycolysis intermediates were unaltered (Supplemental Figure 4) . Thus, the data identified increased formation of long-chain saturated and unsaturated fatty acids as a possible metabolic compensatory mechanism present in zebrafish. To clarify the higher abundance of identified fatty acids, we tested the hypothesis that fatty acid synthase and other enzymes important for the synthesis of long-chain fatty acids are higher expressed in glo1 -/-zebrafish. Using a RT-qP-CR-based approach, expression analyses of fatty acid synthase, fatty acid desaturase 2, fatty acid elongase 2, and stearoyl-CoA desaturase were performed. Yet, we could not show an altered expression of these enzymes induced by a Glo1 knockout ( Figure 4E ); this finding suggested increased enzymatic activities, potentially induced by posttranslational modifications, as one mechanism leading to higher concentrations of long-chain unsaturated as well as saturated fatty acids (25) . Altogether, these data identified Aldh and elevated fatty acid levels as compensatory pathways for loss of Glo1 in zebrafish larvae, which nevertheless were not able to maintain MG levels as seen in wild-type zebrafish larvae.
Hyperglycemia develops in diet-induced obese glo1 -/-zebrafish. The increased formation of MG is associated with the formation of late diabetic complications and the development of insulin resistance (19) (20) (21) 40) . Thus, we have studied the long-term effects of a Glo1 knockout on zebrafish. We analyzed adult zebrafish regarding their MG concentrations and blood glucose levels. Glo1 -/-adult zebrafish showed no growth deficit and had a normal gross morphology compared with glo1 +/+ zebrafish ( Figure 5A ). In line with glo1 -/-zebrafish larvae, whole body lysates of juvenile glo1 -/-showed 1.5-fold higher MG levels than glo1 +/+ zebrafish ( Figure 5B ). The fasting blood glucose level of glo1 -/-and glo1 +/+ zebrafish was around 30 to 40 mg/dL ( Figure 5C ), which is in line with published data for zebrafish (41, 42) . One hour after feeding, the postprandial blood glucose level in glo1 -/-zebrafish was highly increased, reaching levels of 118 mg/dL compared with a blood glucose level of 65 mg/dL in glo1 +/+ zebrafish ( Figure 5D ). Yet, after 2 additional hours, glo1 +/+ as well as glo1 -/-zebrafish achieved blood glucose levels similar to the fasting state ( Figure 5 , E and C). To evaluate whether the liver metabolism and metabolic stress responses are affected by Glo1 knockout, livers were dissected 1 hour postprandial and L-lactate, glycogen, AGEs, and oxidation products were determined. Although there was a tendency toward a decrease in glycogen and an increase in L-lactate levels in glo1 -/-compared with glo1 +/+ zebrafish liver lysates, the differences were ) and n = 25-27 larvae (glo1
), mean ± SEM. For statistical analysis 1-way ANOVA followed by Sidak's multiple-comparisons test was applied. *P < 0.05, ***P < 0.001. DLAV, dorsal longitudinal anastomotic vessel; ISV, intersegmental vessel; MG, methylglyoxal; ns, not significant. not significant (Supplemental Figure 5 , A and B). In addition, AGEs and protein oxidation marker dityrosine and methionine sulphoxide were unaltered in glo1 -/-zebrafish liver lysates (Supplemental Figure  5 , C-F). Together, the data indicate impaired glucose tolerance in glo1 -/-zebrafish; however, this had not yet translated into an obvious organ phenotype.
Obesity is a major risk factor for the development of type 2 diabetes mellitus, and we hypothesized that overfeeding of glo1 -/-zebrafish could provoke a type 2 diabetes phenotype that leads to organ damage in glo1 -/-zebrafish. Therefore, a previously published model of diet-induced obesity, which includes an overfeeding period of 8 weeks with Artemia (43), was chosen for further experiments. Artemia consist of 22% fat, 16% carbohydrate, and 44% protein (dry weight basis) (44) . To analyze the possible impact of Artemia feeding on dietary MG intake, dicarbonyl, AGEs, and oxidation adduct levels were determined by LC/MS in Artemia, hatched for 2 days. MG content of Artemia was about 5 to 10 pmol/mg tissue (Supplemental Figure 6) , which is similar to mice (11) and zebrafish tissue MG levels ( Figure 5B ). At the end of the overfeeding period, the weight and fasting blood glucose level were measured in glo1 -/-zebrafish. Overfed fish gained significantly more weight than fish in the control-fed groups ( Figure 6A ) and overfeeding altered liver morphology that resulted in a fatty liver and increased accumulation of lipid droplets in the whole fish ( Figure 6B ). However, there was no difference in weight gain between glo1 +/+ and glo1 -/-zebrafish. Fasting blood glucose levels in the normal food intake glo1 +/+ and glo1 -/-zebrafish again had blood glucose levels of about 30 to 40 mg/dL. Furthermore, overfed glo1 +/+ zebrafish showed no significant increase in fasting blood glucose levels, which is in line with published data (42) . Remarkably, overfed glo1 -/-zebrafish showed an increased fasting blood glucose level of 51 mg/dL ( Figure 6C ). Together, the data suggest that Glo1 is dispensable for zebrafish development but makes glo1 -/-animals susceptible to the development of diabetes-like conditions.
Overfeeding induces alterations of retinal vasculature in glo1
-/-zebrafish. Because overfeeding induced hyperglycemia in glo1 -/-zebrafish, we addressed the question of whether this condition could lead to organ alterations in zebrafish and specifically focused on retinal blood vessels. In diabetic patients, hyperglycemia is associated with the development and progression of diabetic retinopathy (45) . To identify retinal vascular alterations (Figure 7 ), we used a recently published protocol for analysis of the adult retinal vessel architecture (46) . After overfeeding of glo1 -/-zebrafish, the retinae were dissected and analyzed by confocal microscopy ( Figure 7C ). The retinal vessels were not affected in glo1 -/-zebrafish under normal feeding conditions (Figure 7 , A, B, and D) which is in agreement with the trunk vasculature in glo1 -/-larvae at 96 hpf ( Figure 2 ). However, we observed a significantly increased angiogenic sprout formation of the retinal vasculature in glo1 -/-overfed zebrafish ( Figure 7 , A, B, and D). MG induces vascular alterations in zebrafish larvae (32) ; therefore, we determined MG levels in the eyes of the different animal groups. Under normal feeding conditions in fasted zebrafish, MG eye concentrations of glo1 -/-zebrafish were not significantly increased ( Figure 8A ) and MG eye concentrations in fasted over- -/-zebrafish and Glo1-morpholino-injected embryos in comparison with glo1 +/+ and ControlMo-injected embryos, respectively. Aldh enzyme activity in (A) and Akr enzyme activity in (B) were determined in zebrafish larvae lysates at 72 hpf by spectrophotometric analysis; n = 3 clutches with 35 to 50 larvae per group; mean ± SEM. For statistical analysis 1-way ANOVA followed by Tukey's multiple-comparisons test was applied. *P < 0.05. Aldh, aldehyde dehydrogenase; Akr, aldo-keto reductase; MO, morpholino; ns, not significant.
+/+ and glo1 -/-animals remained normal. In contrast, eye MG levels in postprandial glo1 -/-zebrafish strongly increased 4-fold ( Figure 8B) ; however, postprandial eye MG concentrations in overfed glo1 -/-zebrafish returned to baseline levels. Taken together, these data show that overfed glo1 -/-zebrafish are susceptible to the development of hyperglycemia leading to retinal blood vessel alterations, which are most likely driven by hyperglycemia and not caused by increased MG levels.
Overfeeding leads to insulin resistance in the liver in zebrafish. Glo1 -/-zebrafish had transiently increased postprandial blood glucose levels ( Figure 5D ) and overfeeding increased fasting blood glucose levels ( Figure 6C ), which led to vascular alterations in the retina (Figure 7, A, B, and D) . To access the underlying mechanisms, activation of the p70-S6 kinase was determined as a downstream target of the insulin-signaling cascade. Increased activation of S6 kinase leads to the induction of insulin resistance through a negative feedback loop via blocking insulin receptor substrate 1 phosphorylation (47, 48) . First, we analyzed S6 kinase phosphorylation in livers of glo1 +/+ zebrafish after fasting and postprandi- -/-in comparison with glo1 +/+ zebrafish larvae at 96 hpf. Whole zebrafish larvae lysates at 96 hpf were used for FAME-GC-MS analysis and results were normalized to percentage of C17:0, which was added before cell lysis; n = 3 clutches with 40-50 larvae; mean ± SEM. (E) Expression of fatty acid synthesis genes is not altered in glo1 -/-in comparison with glo1 +/+ larvae at 96 hpf. Expression of genes was determined by RT-qPCR and normalized to β actin. Values for glo1 +/+ zebrafish embryos were standardized to 1, n = 3 clutches with 30-40 larvae; mean ± SEM. For statistical analysis Student's t test was applied. *P < 0.05; **P < 0.01; ***P < 0.001. Fasn, fatty acid synthase; Fads2, fatty acid desaturase 2; Elovl2, fatty acid elongase 2; Scd, stearoyl-CoA desaturase; ns, not significant; C18:1n9t, elaidic acid methyl ester; C18:1n9c, oleic acid methyl ester; C16:0, palmitic acid methyl ester; C18:0, stearic acid methyl ester; C20:0, arachidic acid methyl ester; C22:0, behenic acid methyl ester; C24:0, lignoceric acid methyl ester; C20:5n3, cis -5,8,11,14,17- -/-zebrafish, postprandial S6 kinase activation was reduced, but this reduction was not significant ( Figure 9, E and F) . Together, the data suggest that overfeeding of zebrafish blocks postprandial S6 kinase activation, but only in combination with Glo1 loss, leading to fasting hyperglycemia ( Figure  6C ) and consequently to retinal blood vessel alterations ( Figure 7) .
Discussion
This study established for the first time to our knowledge a Glo1 knockout in zebrafish and showed longterm effects of compromised MG metabolism affecting glucose metabolism and retinal blood vessels. Loss of Glo1 increases endogenous MG levels, induces impaired glucose tolerance in zebrafish indicated by elevated postprandial blood glucose levels and increased S6 kinase activation, and leads to fasting hyperglycemia and retinal vascular alterations under high nutrition intake ( Figure 10) .
The main conclusion of the study is that a knockout of glyoxalase 1 alone induces impaired glucose tolerance, but it is insufficient to induce vascular organ alterations. Although glo1 -/-zebrafish had no adult zebrafish reach fasting blood glucose levels seen in C; n = 3 (glo1 +/+ ); n = 3 (glo1 -/-), mean ± SEM. For statistical analysis Mann-Whitney U test (B) and Student's t test (C-E) were applied. *P < 0.05. ns, not significant. growth deficit, the metabolization of postprandial blood glucose was delayed in adult glo1 -/-zebrafish, whereas fasting blood glucose was not altered. Using a zebrafish vascular reporter gene line, the increased MG levels could not be linked to alterations in the retinal vasculature. Thus, a second hit (e.g., diet-induced obesity), was necessary to induce permanent hyperglycemia in glo1 -/-zebrafish, consequently leading to retinal vascular alterations. The data support the previous models for dicarbonyl stress being a cause for type 2 diabetes initiation (25) , whereas in zebrafish a Glo1 knockout alone is not sufficient to progress to fasting hyperglycemia. Instead, glo1 -/-zebrafish can maintain euglycemia as long as they eat normally and fasting hyperglycemia develops only with the onset of diet-induced obesity. Whether other Figure 6 . Diet-induced obese glo1 -/-zebrafish develop hyperglycemia. (A) After 8 weeks of overfeeding, zebrafish in the overfed group have gained significantly more weight than zebrafish in the normal-fed group, whereas there was no difference dependent on the glo1 genotype. Weight was measured at the start and at the end of the feeding period. Results were obtained from 3 independent experiments; n = 9 to 12 fish per group; mean ± SEM. (B) After the overfeeding period, livers of overfed fish show high fed content compared with livers of normal-fed fish and are surrounded by lipid droplets. Images were taken using a light microscope. Frozen liver sections were stained with Oil Red O. Black scale bar: 100 μm. (C) Fasting blood glucose levels are increased in glo1 -/-overfed fish in comparison with glo1 +/+ normal-fed fish; n = 9 to 12 fish per group; mean ± SEM. One-way ANOVA followed by Sidak's multiple-comparisons test was applied. *P < 0.05; **P < 0.01; ***P < 0.001. OF, overfed; NF, normal-fed; ns, not significant. factors beyond high calorie intake, such as altered activities for enzymes linked for example to glyoxalase metabolism, such as Aldh and Akr enzymes, may lead to fasting hyperglycemia in glo1 -/-zebrafish is currently unknown but will be investigated in future studies.
In this study, we identified an increased phosphorylation of the p70-S6 kinase on Thr389 in liver and skeletal muscle tissue of normal-fed glo1 -/-zebrafish. It was previously shown that S6 kinase directly inhibits insulin receptor substrate 1 through a negative feedback loop indicated by phosphorylation of serine residues and an S6 kinase knockout protects against diet-induced insulin resistance (47) (48) (49) . These data suggest an increased S6 kinase phosphorylation as an early and transient mechanism responsible for postprandial elevated blood glucose levels in normal-fed glo1 -/-zebrafish. Using a diet-induced obesity model for glo1 +/+ and glo1 -/-mutants, which shares pathophysiological pathways with mammalian obesity (43), we found a total inhibition of S6 kinase phosphorylation in livers in both genotypes, indicating inhibition of the insulin receptor pathway in livers. Surprisingly, fasting blood glucose levels were not increased in overfed glo1 +/+ zebrafish. Yet, this observation agrees with a recently published study showing that skeletal muscle insulin resistance zebrafish maintained normal fasting blood glucose levels over a long period of time by an increase in beta cell mass formation. Nevertheless, overfeeding also induced progression to hyperglycemia in this zebrafish model of skeletal muscle insulin resistance (50) . Thus, the missing hyperglycemia in overfed glo1 +/+ zebrafish implies increased insulin secretion or use of an alternative glucose metabolizing pathway, such as the polyol pathway. The data may also indicate that the failure of glo1 -/-zebrafish to increase insulin is the result of dysfunctional beta cells, but this still needs to be determined.
Unexpectedly, glo1 -/-zebrafish showed only a 1.5-fold increase in MG. Apart from triose intermediates of glycolysis, MG is formed by lipid, threonine, and acetone metabolism (51) . To avoid the accumulation of MG, the cell has established rescue mechanisms. In addition to detoxifying enzyme systems, a study in drosophila recently suggested an upregulation of the fatty acid synthase as a mechanism to avoid high dicarbonyl tissue levels (52) . In zebrafish, both mechanisms, the upregulation of Aldh activity and the increased formation of fatty acids in zebrafish larvae, could partially compensate and maintain MG levels in a range that is only 50% higher than in wild-type animals. These results highlight variability in compensation capacity of established animal models, like zebrafish, flies, and mice to counterbalance for loss of Glo1. Whereas mice effectively prevent increased formation of MG (11), zebrafish and flies exhibit a 50% increase in glo1-knockout animals (25) . However, it must also be noted that glo1 -/-zebrafish eyes showed a postprandial, but not fasting, 4-fold increase in MG, implying a limited capacity of alternative rescue mechanisms. Interestingly, this transient MG increase was insufficient to alter retinal blood vessels. Unexpectedly, increased MG levels in the eye of postprandial normal-fed glo1 -/-zebrafish were completely abolished in overfed glo1 -/-zebrafish. This finding suggests overfeeding results in the development of unknown metabolic alterations to avoid accumulation of MG. Yet, most importantly, because fasting hyperglycemia occurred only in overfed glo1 -/-zebrafish and retinal vascular alterations developed only in overfed glo1 -/-zebrafish, the data suggest glucose, but not MG, as the damaging factor in retinal blood vessels in glo1 -/-zebrafish. In conclusion, the findings of this study in zebrafish identified a Glo1 knockout, accompanied by an increase of MG levels, as a driver of insulin resistance leading to hyperglycemia and retinal blood vessel alterations under high nutrient intake only. As long as MG is effectively detoxified, there is no harm to the organism, but with the failure of detoxification, the increase in MG, together with diets or other metabolic alterations, contributes to the initiation and progression of insulin resistance and organ alterations. -/-zebrafish is significantly decreased compared with normal-fed glo1 -/-zebrafish. Methylglyoxal was determined by LC-MS/MS in zebrafish eye lysates after 16 hours fasting or 1 hour after feeding; n = 3 fish per group; mean ± SEM. For statistical analysis, 1-way ANOVA followed by Tukey's multiple-comparisons test was applied. **P < 0.01. OF, overfed; NF, normal-fed.
Methods
Zebrafish husbandry and zebrafish lines. Embryos of AB wild-type, Tg(fli1:EGFP) (53), and Tg(wt1b:EGFP) (54) were raised and staged as described according to hours after fertilization (i.e., hpf) (55) . Embryos/larvae were kept in egg water at 28.5°C with 0.003% PTU to suppress pigmentation. Adult zebrafish were kept under 13-hour light/11-hour dark cycle and fed with freshly hatched Artemia and fish flake food. Between 30 and 89 days after fertilization, fish are referred to as juvenile and from 90 days and greater after fertilization as adult fish.
Antibodies and reagents. Antibodies and reagents used included Proteinase K (10 mg/mL stock, Roche Recombinant PCR grade), MG solution 6.49 M (Sigma-Aldrich), rat anti-Glo1 (6F10, Abcam), rabbit antiphospho-p70-S6 kinase (Thr389, 108D2, Cell Signaling Technology), rabbit anti-p70-S6 kinase (49D7, Cell Signaling Technology), goat anti-actin (Santa Cruz Biotechnology), and horseradish peroxidase-conjugated antibodies rabbit anti-mouse, rabbit anti-rat, goat anti-rabbit, and rabbit anti-goat (Dako). +/+ and glo1 -/-zebrafish; n = 3, mean ± SEM. For Western blot quantification ImageJ was used. For statistical analysis, Student's t test (B) and 1-way ANOVA followed by Tukey's multiple-comparisons test (D and F) were applied. *P < 0.05; **P < 0.01; ***P < 0.001. OF, overfed; NF, normal-fed; ns, not significant.
Mutant generation.
One guide RNA targeting Exon 3 of glo1 was designed (ZiFiT-Targeter 3.3) and cloned into a T7-driven promotor expression vector (pT7-gRNA, Addgene). glo1-CRISPR-for: 5′-TAG-GCTCTACGGGAGAACGTCC-3′, glo1-CRISPR-rev: 5′-AAACGGACGTTCTCCCGT AGAG-3′. Cas9 mRNA was achieved by in vitro transcription of pT3TS-nCas9n vector (Addgene). Synthesis of mRNA was performed using the T7 mMessage mMachine Kit and T3 MEGAshortscript Kit following the protocol of the manufacturer (Invitrogen). For mutant generation, 1 nL of a mixture containing 200 pg/nL guide RNA and 200 pg/nL Cas9-mRNA were injected into the cell of an AB wild-type embryo of the 1-cell stage (56) . For generation of heterozygous mutants for glo1, F0 fish were analyzed for germline transmission, crossed with Tg(fli1:EGFP) and Tg(wt1b:EGFP) zebrafish and raised (57) . Genotyping was performed by Sanger sequencing of PCR-products which were generated using gene specific primers which bind to flanking regions next to the target sequence in Exon 3 of glo1. glo1-genotyping-for: 5′-TAAACGTGCACCCTGAACTG-3′, glo1-genotyping-rev: 5′-CCCAACACTAGCACACACAC-3′. Mutations were analyzed using yosttools (58) .
MG, 3-DG, and glyoxal measurements. MG, 3-DG, and glyoxal levels of zebrafish larvae, whole body lysates, and eyes were determined by LC-MS/MS, as described previously (59) (60) (61) . Tissue MG levels were determined by derivatization with 1,2-diaminobenzene (DB). Briefly, pre-weighed amounts of tissue (ca.10 mg) were homogenized in ice-cold 20% (wt/vol) trichloroacetic acid in 0.9% (wt/vol) sodium chloride (20 μL) and water (80 μL). An aliquot (5 μL) of the internal standard (13C3-MG; 400 nM) was then added and the samples vortexed mixed. Following centrifugation (20,817 g; 5 minutes at 4°C), 35 μL of the supernatant was transferred to an HPLC vials containing a 200-μL glass interest. An aliquot (5 μL) of 3% sodium azide (wt/vol) was then added to each sample followed by 10 μL of 0.5 mM DB in 200 mM HCl containing 0.5 mM diethylenetriaminepentaacetic acid (DETAPAC) in water. The samples were then incubated for 4 hours at room temperature, protected from the light. Samples were then analyzed by LC-MS/MS using an ACQUITY ultra-high-performance liquid chromatography system with a Xevo-TQS LC-MS/MS mass spectrometer (Waters). The column was a Waters BEH C18 (100 × 2.1 mm) and guard column (5 × 2.1 mm). The mobile phase was 0.1% formic acid in water with a linear gradient of 0% to 100% 0.1% formic acid in 50% acetonitrile/water over 0 to 10 minutes; the flow rate was 0.2 mL/min and column temperature was 5°C. The capillary voltage was 0.5 kV, the cone voltage 20 V, the interscan delay time 100 ms, the source and desolvation gas temperatures 150°C and 350°C, respectively, and the cone gas and desolvation gas flows were 150 and 800 L/h, respectively. Mass transitions (parent ion → fragment ion; collision energy), retention time, limit of detection, and recoveries were as follows: 145.0 → 77.1, 24eV, 5.93 minutes, 0.52 pmol, and 98%. -/-zebrafish induced progression of postprandial elevated blood glucose levels to fasting elevated blood glucose levels, resulting in the formation of altered retinal blood vessels. This progress is accompanied by decreased postprandial S6 kinase phosphorylation and MG levels.
Glycogen assay. Glycogen content of liver tissue(s) was measured according to manufacturer instructions of Glycogen Assay Kit (Biovision) and normalized to total protein content, as determined by the Bradford assay.
Lactate assay. Lactate content of liver tissue(s) was measured using an endpoint, enzymatic assay with L-lactate dehydrogenase, as described previously (62) and normalized to total protein content, as determined by the Bradford assay.
Protein-bound AGEs. The AGE content of liver tissue(s) and Artemia was determined by exhaustive enzymatic hydrolysis and LC-MS/MS, as described previously (63) .
Incubation with MG. Approximately 80 fertilized eggs were incubated in a 10-cm petri dish with 30-mL solutions that were changed daily. Solutions contained egg water, 500 μM MG, and 0.2% 1-phenyl-2-thiourea.
Microscopy and quantification of vascular defects. For in vivo imaging, Tg(fli1:EGFP) embryos were anesthetized with 0.003% tricaine and embedded in 1% low-melting-point agarose dissolved in egg water. Confocal images were performed using DM6000 B confocal microscope with Leica TCS SP5 DS scanner. Images were taken with 600 Hz, 1024 × 512 pixels, and Z-stacks were recorded with 1-μm thickness. For quantification of altered blood vessels, an inverted microscope (Leica DMI 6000 B) with a camera (Leica DFC420 C) and the Leica LAS application suite 3.8 software was used. The first 14 ISV pairs of each zebrafish larvae were analyzed for hyperbranching blood vessels at 96 hpf. Results are given as mean number of hyperbranches per larvae at 96 hpf.
Enzyme activity assays. Glo1 activity was determined spectrophotometrically monitoring the change in absorbance at 235 nm caused by the formation of S-D-lactoylglutathione. The assay mixture contained 2 mM MG and 2 mM GSH in sodium phosphate buffer (50 mM [pH 6.6], 37°C) and was incubated for 15 minutes to guarantee the complete formation of HTA. After the addition of the cytosolic protein fraction (1 g/L), the change in absorbance was monitored for 15 minutes. The activity of Glo1 is described in units, where 1 unit is the amount of Glo1 that catalyzes the formation of 1 mol of S-D-lactoylglutathione/min (64) .
For Akr and Aldh activity the change in absorbance was monitored by following the loss of NADPH or the rate of NADPH formation at 340 nm (10, 65, 66) . Briefly, activity of Akr was determined in 0.1 M sodium phosphate buffer (pH 7.2) containing MG (0.1-2 mM) and 0.1 mM NADPH at 25°C. Aldh activity was assayed at 25°C in 75 mM Tris-HCl (pH 7.6) containing 10 mM BSA, 0.5 mM NADP, and 0.1-2 mM MG.
Metabolite analysis by GC/MS and UPLC-FLR. Detection was done in cooperation with the Metabolomics Core Technology Platform from the Centre of Organismal Studies Heidelberg. At 96 hpf, zebrafish larvae were anesthetized with 0.003% tricaine, collected, and snap frozen in liquid nitrogen. Metabolites were determined via semi-targeted gas chromatography-mass spectrometry (GC/MS) analysis and ultra-performance liquid chromatography with fluorescence detection (UPLC-FLR) analysis (67) . Frozen ground sample material from zebrafish was extracted in 360 μL of 100% MeOH for 15 minutes at 70°C with vigorous shaking. As internal standards, 20 μL ribitol (0.2 mg/mL) and 10 μL heptadecanoic acid (0.2 mg/mL) were added to each sample. After the addition of 200 μL chloroform, samples were shaken at 37°C for 5 minutes. To separate polar and organic phases, 400 μL water were added and samples were centrifuged for 10 minutes at 11,000 × g. For the derivatization, 700 μL of the polar (upper) phase were transferred to a fresh tube and dried in a speed-vac (vacuum concentrator) without heating. Pellets of the aqueous phase after extraction were re-dissolved in 20 μL methoximation reagent containing 20 mg/mL methoxyamine hydrochloride (Sigma-Aldrich 226904) in pyridine (Sigma-Aldrich 270970) and incubated for 2 hours at 37°C with shaking. For silylation, 32.2 μL N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA; Sigma M7891) and 2.8 μL Alkane Standard Mixture (50 mg/mL C 10 -C 40 ; Fluka 68281) were added to each sample. After incubation for 30 minutes at 37°C, samples were transferred to glass vials for GC/MS analysis. To analyze total fatty acids, 150 μL of the lower organic phase (chloroform) after extraction were transferred to a fresh 1.5-mL reaction tube and dried in a speed-vac without heating. For transmethylation reactions, pellets were re-dissolved in 40 μL TBME (tert-butyl methyl ether, Sigma-Aldrich) and 20 μL TMSH (trimethylsulfoniumhydroxid, Sigma-Aldrich), incubated for 45 minutes at 50°C, and transferred to glass vials for GC/MS analysis of the fatty acid methyl esters (FAMEs). A GC/MS-QP2010 Plus (Shimadzu) fitted with a Zebron ZB 5MS column (Phenomenex; 30 meter × 0.25 mm × 0.25 μm) was used for GC/MS analysis. The GC was operated with an injection temperature of 230°C and a 1-μL sample was injected with split mode (1:10). The GC temperature program started with a 1-minute hold at 40°C followed by a 6°C/min ramp to 210°C, a 20°C/min ramp to 330°C, and a bake-out for 5 minutes at 330°C using Helium as carrier gas with constant linear velocity. The MS was operated with ion source and interface temperatures of 250°C, a solvent cut time of 7 minutes, and a scan range (m/z) of 40 to 700 with an event time of 0.2 s. The "GCMS solution" software (Shimadzu) was used for data processing.
Reverse-transcription quantitative polymerase chain reaction analysis. Expression of fatty acid synthesis genes was analyzed using reverse-transcription quantitative polymerase chain reaction (RT-qPCR). Total RNA was isolated from TG(fli1:EGFP) zebrafish larvae at 96 hpf using the RNeasy Mini Kit following the manufacturer's protocol (Qiagen). First-strand cDNA was generated from 1 μg RNA using random hexamer primer and the Superscript II kit (Invitrogen). Primer design for zebrafish was done using NCBI or by Roche Universal Probe Library Assay Design Center and primers are listed in Supplemental Table 1 . Gene expression was normalized to β-actin and values for glo1 +/+ zebrafish embryos were standardized to 1. qPCR was performed with the Light-Cycler 480 (Roche Diagnostics). For detection, SensiFAST SYBR No-Rox Kit (Bioline) or 2× sentiFAST probe No-ROX mix (Bioline) was used in 96-well reaction plates (Axon). For SYBR Green, detection signals of amplified products were verified using melting curve analysis. The RT-qPCR was repeated 3 times per group.
Blood glucose measurement. Fish were transferred in single boxes and fasted overnight. After 16 to 18 hours, fish were either directly euthanized for fasting experiments or fed with 0.5 g flake food for 1 hour followed by 1 or 3 hours of fasting for postprandial experiments. Afterwards, fish were euthanized in 250 mg/L tricaine and blood glucose was measured according to Zang et al. (68) .
Overfeeding of adult zebrafish as a diet-induced obesity model. Adult zebrafish were separated into 2 groups. The control group was fed once per day with freshly hatched Artemia (5 mg artemia cysts per fish) whereas the overfeeding group was fed 3 times per day with Artemia (in total 60 mg cysts per fish) according to Oka et al. (43) . Because of our usual feeding routine, we modified the protocol resulting in an additional time feeding with flake food of both groups. Fish were fed according to the protocol for at least 8 weeks. To evaluate weight gain, fish were weighed at the start and at the end of the overfeeding period. In addition, Oil Red O staining was performed to address liver fatty acid content. Therefore, fish were euthanized in 250 mg/L tricaine, livers were embedded in Tissue-tek, frozen using liquid nitrogen cooled isopentane, and cut using a cryostat (8-μm sections). After drying for 15 minutes, the sections were fixed in 4% PFA/PBS for 15 minutes, rinsed with distilled water, and stained in 0.3% Oil Red O working solution (60% isopropanol). After staining, sections were rinsed in distilled water and counterstained using Myer's hematoxylin. Images were taken using an inverted microscope (Leica DMI 6000 B) with a camera (Leica DFC420 C) and the Leica LAS application suite 3.8 software.
Preparation, microscopy, and quantification of retinal vasculature. Fish were euthanized in 250 mg/L tricaine, eyes were fixed in 4% PFA/PBS overnight, and retinal vasculature was dissected and analyzed (46) . Confocal images were performed using DM6000 B confocal microscope with Leica TCS SP5 DS scanner. Images were taken with 600 Hz, 1024 × 1024 pixels (retina vessels) and Z-stacks were 1.5-μm thick. Quantification of sprouting vessels was performed in squares of 350 μm generated using GIMP2 (https://www.gimp.org/) and ImageJ (NIH). Whole retinae were divided into 3 different areas according to their vessel density: low (25%), middle (50%), and high density (25%). Within these areas, new blood vessels without a lumen formed by neoangiogenesis were counted as sprouts. The quantification was adjusted to the lowest number of obtained squares per area at a ratio 1:2:1 (low/middle/high density areas) using random.org sequence generator.
Western blot analysis. For analysis of Glo1 expression, zebrafish embryos were collected at 72 hpf, and Western blot was performed as described previously (69) . For analysis of S6 kinase phosphorylation in liver and skeletal muscle extracts, fish were euthanized in 250 mg/L tricaine, and liver and skeletal muscle were dissected and snap frozen. Shortly before usage, proteins were extracted using the TissueLyser II (Qiagen).
Statistics. Statistical significance between different groups was analyzed using 2-sided unpaired Student's t test, Mann-Whitney U test, or 1-way ANOVA as indicated using GraphPad Prism. P values <0.05 were considered significant: *P < 0.05; **P < 0.01, ***P < 0.001.
Study approval. All experimental procedures on animals were approved by the local government authority, Regierungspräsidium Karlsruhe (license no.: G-160/14) and carried out in accordance with the approved guidelines.
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